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, The present lectures contain an introduction to possible new physics beyond the Standard 

Model. Having in mind first of all accelerator experiments of the nearest future we concen- 
trate on supersymmetry, a new symmetry that relates bosons and fermions, as the first target 
of experimental search. Since supersymmetry is widely covered in the literature, we mostly 
consider novel developments and applications to hadron colliders. We describe then the 
so-called extra dimensional models in less detail and discuss their possible manifestations. 



'■ Preface 

When discussing physics beyond the Standard Model one enters terra incognita and in- 
evitably has to make some choice of the topic. When doing so I had in mind that most of 
the audience is working in one of the LHC collaborations and apparently is looking forward 
to discover new physics there. So their main goal will be to find the Higgs boson and then 
... who knows? Search for SUSY is the main stream and the general belief is that low energy 



supersymmetry described by the MSSM is round the corner. So one has to be prepared. The 
other widely discussed topic is extra dimensions. This is a much less motivated subject though 
is very intriguing. And if supersymmetry is already elaborated in detail and may be the subject 
pJIj ■ of precise tests, extra dimensional models are more speculative and may bring many surprises 

or ... nothing. 

Supersymmetry has already more than 30 years of history and is very widely covered in the 
literature P and in the text books 121-0 • Moreover, I myself gave lectures on SUSY at the 2000 
European School on High Energy Physics and they are published in the proceedings and are 
available in the web jjjj. So I decided not to repeat the whole subject but keep the main line and 
to concentrate on the novel developments. In the year 2000 LEP was still running and obviously 
our main expectations to discover supersymmetry were connected with it. Unfortunately this 
did not happen. Today we are looking forward at hadron colliders and this is my main concern 
in these lectures. At the same time recent years celebrated unprecedented development in 
astroparticle experiments. This is the new area to look for new physics and in particular for the 
manifestation of SUSY. Therefore, I cover partly the motivations of SUSY in astrophysics and 
the influence of new astroparticle data on SUSY models. 

When choosing the topic of extra dimensions I am aware of the fact that this deserves special 
lectures. At the same time, this subject is still an actively developing field and many changes in 
the ideas and preferences are possible. So I decided to make some overview without discussing 
theoretical problems (which are many) and to present possible experimental signatures since 
people are already looking for them. I do not pretend here for any complete coverage, my aim 
is to give the flavour of the field. 



' Lectures given at the European School on High Energy Physics, May-June 2004, 
Sant Feliu de Guixols, Spain 
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1 PART I SUPERSYMMETRY 



1.1 Introduction: What is supersymmetry 

Super symmetry is a boson-fermion symmetry that is aimed to unify all forces in Nature including 
gravity within a singe framework. Modern views on supersymmetry in particle physics are based 
on string paradigm, though the low energy manifestations of SUSY can be possibly found at 
modern colliders and in non-accelerator experiments. 

Supersymmetry emerged from the attempts to generalize the Poincare algebra to mix repre- 
sentations with different spin [Z|. It happened to be a problematic task due to the no-go theorems 
preventing such generalizations jS] . The way out was found by introducing the so-called graded 
Lie algebras, i.e. adding the anti-commutators to the usual commutators of the Lorentz algebra. 
Such a generalization, described below, appeared to be the only possible one within relativistic 
field theory. 

If Q is a generator of SUSY algebra, then acting on a boson state it produces a fermion one 
and vice versa 

Q | boson >= | fermion > and Q\ fermion >= \boson > . 

Since bosons commute with each other and fermions anticommute, one immediately finds 
that SUSY generators should also anticommute, they must be fermionic, i.e. they must change 
the spin by a half-odd amount and change the statistics. Indeed, the key element of SUSY 
algebra is 

{Qa:Qa} = 2a^ 6l P, x , (1.1) 

where Q and Q are SUSY generators and is the generator of translation, the four-momentum. 

In what follows we describe SUSY algebra in more detail and construct its representations 
which are needed to build a SUSY generalization of the Standard Model of fundamental in- 
teractions. Such a generalization is based on a softly broken SUSY quantum filed theory and 
contains the SM as a low energy theory. 

Supersymmetry promises to solve some problems of the SM and of Grand Unified Theories. 
In what follows we describe supersymmetry as a nearest option for the new physics on a TeV 
scale. 

1.2 Motivation of SUSY in particle physics 

There are several motivations of introduction of SUSY in particle physics. Most of them are 
related to ideas of unification of all the forces of Nature within the same framework. The 
incomplete set is: 

• Unification with gravity 

• Unification of gauge couplings 

• Solution of the hierarchy problem 

• Superstring consistency 

• Dark Matter in the Universe 

Probably the most challenging is the unification with gravity which is believed to happen 
within supergravity which in its turn is the low energy limit of a string theory. I have considered 
these arguments in some detail in my lectures jH] and will not repeat it here. Instead I will 
concentrate on the last motivation which became popular in recent time due to new data coming 
from astroparticle experiments. 
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1.2.1 Astrophysics and Cosmology 



The shining matter is not the only one in the Universe. Considerable amount consists of the 
so-called dark matter. The direct evidence for the presence of the dark matter are the rotation 
curves of galaxies (see Fig^) 9 j. What is shown here is the rotation speed of the planets of the 




Figure 1: Rotation curves for the solar system and galaxy 

solar system (left) and the stars in some typical spiral galaxy (right) as a function of a distance 
from the sun/center of galaxy. One can see that in the solar system all the planets perfectly fit 
the curve obtained from Newton mechanics: centrifugal force is equal to gravitational force 



mv 2 mM GM 

= G^-, v = \ . 

r r y r 

At the same time, if one looks at stars in the galaxy, one finds A completely different picture. 
To explain these curves, one has to assume the existence of galactic halo made of non shining 
matter which takes part in gravitational interaction. The flat rotation curves of spiral galaxies 
provide the most direct evidence for the existence of A large amount of the dark matter. Spiral 
galaxies consist of a central bulge and a very thin disc, and are surrounded by an approximately 
spherical halo of the dark matter. 

According to the latest data ^U] , the matter content of the Universe is the following: 

£lh 2 = 1 44> p = p C rit 

^•vacuum ~ 73%, ^DarkMatter ~ 23%, ^Baryon ~ 4% 

Therefore, the amount of the Dark matter is almost 6 times larger than the usual matter in the 
Universe. 

There are two possible types of the dark matter: the hot one, consisting of light relativistic 
particles and the cold one, consisting of massive weakly interacting particles (WIMPs). The hot 
dark matter might consist of neutrinos; however, this has problems with galaxy formation. As 
for the cold dark matter, it has no candidates within the SM. At the same time, SUSY provides 
an excellent candidate for the cold dark matter, namely neutralino, the lightest superparticle. 
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1.3 Basics of supersymmetry 

Sending off the interested reader to jH] for details we present here the main ideas and building 
blocks for constructing a super symmetric quantum field theory. 

1.3.1 Algebra of SUSY 

Combined with the usual Poincare and internal symmetry algebra the Super-Poincare Lie algebra 
contains additional SUSY generators Q l a and Q 1 ^ [2 

[P»,P„} = 0, 

[P^Mpa] = i{g pp P a - g^Pp), 

[Mp U , M pa ] = i{g up M pcT - g va M pp - g pp M va + g pa M up ), 
[Br, B> s ] = iC l rs Bt, 
[B r ,Pp] = [B r , M^] = 0, 
[Q l a ,P,] = [QlPp} = 0, 

[Q* a ,M, u ] = \{a pu f a Q% [Qi,M, u ] = 40j(<v)g, (1-2) 
[Ql B r ] = (b r ))Ql [Qi, B r ] = -Qi(b r y p 
{Qi,Qfi = 26V(a») a pP fl , 

{Ql Q j p} = teofi&i, Zij = a^b r , Z*i = Z+, 
{Q&> Qp = - 2e a/3^'> [Zij, anything] = 0, 
a, a = 1,2 i, j = 1,2, . . . ,N. 

Here Pp and are four-momentum and angular momentum operators, respectively, B r 
are the internal symmetry generators, Q % and Q l are the spinorial SUSY generators and are 
the so-called central charges; a,d,/3,/3 are the spinorial indices. In the simplest case one has 
one spinor generator Q a (and the conjugated one Qa) that corresponds to an ordinary or N=l 
supersymmetry. When N > 1 one has an extended supersymmetry. In what follows we consider 
the simplest N=l case used for phenomenology. 

To construct the representations of SUSY algebra (particle states in SUSY model) we start 
with the some state labeled by energy and helicity, i.e. projection of a spin on the direction of 
momenta 

\E,X> 

and act on it with the SUSY generator Q. Then one obtains the other state with the same 
energy (because SUSY generator commutes with P„) but different helicity 

Q\E,X >= \E,X + 1/2 > . (1.3) 

Due to the nilpotent character of SUSY generators ()1.2|) . the repeated action of the generator Q 
gives zero. This is common for N=l SUSY. One has two states, one bosonic and one fermionic. 
This is a generic property of any super symmetric theory that the number of bosons equals that 
of fermions. However, in CPT invariant theories the number of states is doubled, since CPT 
transformation changes the sign of helicity. Hence, in CPT invariant theories, one has to add 
the states with opposite helicity to the above mentioned ones. 

Consider some examples. Let us take A = 0. Then one has the following complete multiplet 
of SUSY: 

helicity 1/2 helicity -1/2 

N = 1 A = ==£ 

# of states 11 # of states 1 1 
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which contains one complex scalar and one spinor with two helicity states. 

The other multiplet can be obtained if one starts with A = 1/2. Then one has: 



helicity 1/2 1 helicity -1 1/2 

N = l A = 1/2 =% 

# of states 11 # of states 1 1 

This multiplet contains one spinor field and one massless vector. 

Thus, one has two types of supermultiplets: the so-called chiral multiplet with A = 0, which 
contains two physical states (<f>,ip) with spin and 1/2, respectively, and the vector multiplet 
with A = 1/2, which also contains two physical states (A,Aj) with spin 1/2 and 1, respectively. 
These multiplets are used to describe quarks, leptons and vector bosons in SUSY generalization 
of the SM. 



1.3.2 Superspace and superfields 

An elegant formulation of supersymmetry transformations and invariants can be achieved in the 
framework of superspace [3]. Superspace differs from the ordinary Euclidean (Minkowski) space 
by adding of two new coordinates, 9 a and 9&, which are Grassmannian, i.e. anticommuting, 
variables 

{9 a ,0 p } = O, {§&,O0} = O, e% = 0, §1 = 0, a, P,dJ= 1,2. 
Thus, we go from space to superspace 

Space Superspace 



x 



Supersymmetry transformation in superspace looks like an ordinary translation but in Grass- 
mannian coordinates 

Xn -> x fl + iOojtE -Jea^O, , , 

e -» e + e, e^e + e, { ' 

where e and e are Grassmannian transformation parameters. From eq. (|1.4j) one can easily obtain 
the representation for the supercharges (|l,2j) . the generators of supersymmetry, acting on the 
superspace 

Qa = W a " <^ d ^ Q ° = ~w dl + ie «<« d »- (L5) 

To define the fields on a superspace, consider representations of the Super-Poincare group 
()1.2|) The simplest N=l SUSY multiplets that we discussed earlier are: the chiral one 9) 
(y = x + i9o9) and the vector one V(x, 9, 9). Being expanded in Taylor series over Grassmannian 
variables 9 and 9 they give: 

<f>(y,9) = A{y) + V29i,{y)+99F{y) (1.6) 
= A(x) + i9a f *9d fl A(x) + ^9999DA(x) 

+ V29ip(x) - -^99d^{x)a^9 + 99F{x). 
v2 

The coefficients are ordinary functions of x being the usual fields. They are called the components 
of a superfield. In ea. (|1.6|) one has 2 bosonic (complex scalar field A) and 2 fermionic (Weyl 
spinor field ifj) degrees of freedom. The component fields A and ip are called the superpartners. 
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The field F is an auxiliary field, it has the "wrong" dimension and has no physical meaning. 
It is needed to close the algebra (jl.2|) . One can get rid of the auxiliary fields with the help of 
equations of motion. 

Thus, a superfield contains an equal number of bosonic and fermionic degrees of freedom. 
Under SUSY transformation they convert into one another 

5 e A = V^eijj, 

5 e i/j = iVZa^ed^A + VleF, (1.7) 
5 £ F = iV2ea^d^. 

Notice that the variation of the F-component is a total derivative, i.e. it vanishes when integrated 
over the space-time. 

The vector superfield is real V = V + . It has the following Grassmannian expansion: 

V(x,6,6) = C{x) + i0x{x)-iex{x)+ % -06[M(x) + iN{x)] 

- l -66[M(x) - iN(x)] - e^Qv^x) +i060[\(x) + ^d^x(x)\ 

- M0[\+±v*drt{x)] + ~e0M[D(x) + ^nC{x)]. (1.8) 

The physical degrees of freedom corresponding to a real vector superfield V are the vector gauge 
field and the Majorana spinor field A. All other components are unphysical and can be 
eliminated. Indeed, one can choose a gauge (the Wess-Zumino gauge) where C = x = M = 
N = 0, leaving one with only physical degrees of freedom except for the auxiliary field D. In 
this gauge 

v = -6a^ev lx (x) + ieeex{x)-im\(x) + -eeeeD( x ), 
v 2 = --eeeev^x^ix), 

V 3 = 0, etc. (1.9) 
One can define also a field strength tensor (as analog of F^ in gauge theories) 

W a = ~D 2 e v D a e- v , W & = ~D 2 e v D a e- v , (1.10) 

Here Ds are the supercovariant derivatives. In the Wess-Zumino gauge the strength tensor is a 
polynomial over component fields: 

W a = T a (-i\ a a + 6 a D a - % -{a»a v e) a F« v + V^A B )a) , (1.11) 

where 

K» = d »< ~ d » v l + f^vZ, D,X a = d~X a + f abc vlX c . 
In Abelian case eas. (|l.lU|l are simplified and take form 

W a = -\D 2 D a V, W h = -- A D 2 D a V. 
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1.3.3 Construction of SUSY Lagrangians 

Let us start with the Lagrangian which has no local gauge invariance. In the superfield notation 
SUSY invariant Lagrangians are the polynomials of superfields. The same way as an ordinary 
action is an integral over space-time of Lagrangian density, in supersymmetric case the action 
is an integral over the superspace. The space-time Lagrangian density is [2J El 

C = J d 2 6d 2 9 + J d 2 [Ai*i + ^/<; ; <l\<l> ; + ~Vijk*i*j*k] + h.c. (1.12) 

where the first part is a kinetic term and the second one is a superpotential W. We use here 
integration over the superspace according to the rules of Grassmannian integration 

J d9 a = 0, J 6 a d0 p = 5 a/3 . 

Performing explicit integration over the Grassmannian parameters, we get from ea. (|1.12| ) 

C = id^a^i + A^aAi + F^Fi (1.13) 
+ [XiFi + mij{AiFj - -ipiipj) + VijkiAiAjFk - ipiipjA k ) + h.c.]. 

The last two terms are the interaction ones. To obtain a familiar form of the Lagrangian, we 
have to solve the constraints 

dC 

— = F k + \t + m* k A* + y* jk A*A* = 0, (1.14) 
dC 

■■ Fl + A fc + m ik Ai + y ljk A i A j = 0. (1.15) 



dF k 

Expressing the auxiliary fields F and F* from these equations, one finally gets 

C = id^ia^ipi + A*UAi - -rriijipiipj - -m*^^ 

-yijk^jAk - y* jk 4>i4>jA* k - V(Ai, Aj), (1.16) 

where the scalar potential V = F^F k . We will return to the discussion of the form of the scalar 
potential in SUSY theories later. 

Consider now the gauge invariant SUSY Lagrangians. They should contain gauge invariant 
interaction of the matter fields with the gauge ones and the kinetic term and the self-interaction 
of the gauge fields. 

Let us start with the gauge field kinetic terms. In the Wess-Zumino gauge one has 



ir-IT',, U - 2iXa^D^X - ^F^ + ^D 2 + i-F^F^e^, (1.17) 



where = + ig[v^,] is the usual covariant derivative and the last, the so-called topological 
6 term, is the total derivative. The gauge invariant Lagrangian now has a familiar form 

i r .o i 



c = ^Jd 2 e w a w a + -J d 2 e w«w a 



\d 2 - - A F^ - iXa^D^X. (1.18) 
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To obtain a gauge-invariant interaction with matter chiral superfields, one has to modify the 
kinetic term by inserting the bridge operator 

<S>fe 9V <S> l . (1.19) 
A complete SUSY and gauge invariant Lagrangian then looks like 

Csusy ym = \J d 2 6 Tr(W a W a ) + \Jd 2 9 Tr(W a W a ) (1.20) 

+ J d 2 ed 2 e ^ ia (e aV )t^ b i + J d 2 e w(*i) + J d 2 e w(*o, 

where W is a superpotential, which should be invariant under the group of symmetry of a 
particular model. In terms of component fields the above Lagrangian takes the form 



I t — ,/j i — inini . \ si ii -i—, ■» n 1 



^sc/syyM = --F*,F a » v - i\ a a^D u X a + -D a D a (1.21) 



- D a A\T a Ai - iV2A\T a \ a iPi + iV2tpiT a Ai\ a + fJf { 
dW ^ dW ^ 1 d 2 W , , 1 d 2 W T - 

+ W/' + ~d~A* - 55555** - 

Integrating out the auxiliary fields .D a and Fi, one reproduces the usual Lagrangian. 
1.3.4 The scalar potential 

Contrary to the SM, where the scalar potential is arbitrary and is defined only by the requirement 
of the gauge invariance, in supersymmetric theories it is completely defined by the superpotential. 
It consists of the contributions from the .D-terms and F-terms. The kinetic energy of the 
gauge fields (recall ea. (|1.18jl yields the l/2D a D a term, and the matter-gauge interaction (recall 
eq.JUnj) yields the gD a T°-A*Aj one. Together they give 

C D = -D a D a + gB a T^A\Aj. (1.22) 
2 J 

The equation of motion reads 

D a = -gT°-A*Aj. (1.23) 
Substituting it back into ea. Ql.22JI yields the D-term part of the potential 

C D = -^D a D a ^V D = ^D a D a , (1.24) 

where D is given by ea. Q1.23|) , 

The F-term contribution can be derived from the matter field self-interaction eq. Ql,13Jh For 
a general type superpotential W one has 



dW 

C F = F*F i + (—F i + h.c.). (1.25) 



Using the equations of motion for the auxiliary field Fi 

dW 



Fi = - m (1.26) 
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yields 

C F = -F*Fi ^V F = F*F U (1.27) 
where F is given by ea. ()1.26|) . The full potential is the sum of the two contributions 

V = V D + V F . (1.28) 

Thus, the form of the Lagrangian is practically fixed by symmetry requirements. The only 
freedom is the field content, the value of the gauge coupling g, Yukawa couplings y^k and 
the masses. Because of the renormalizability constraint V < A 4 the superpotential should be 
limited by W < $ 3 as in eq. (j!.12|) . All members of a supermultiplet have the same masses, i.e. 
bosons and fermions are degenerate in masses. This property of SUSY theories contradicts the 
phenomenology and requires supersymmetry breaking. 

1.3.5 Spontaneous breaking of SUSY 

Since supersymmetric algebra leads to mass degeneracy in a supermultiplet, it should be broken 
to explain the absence of superpartners at modern energies. There are several ways of supersym- 
metry breaking. It can be broken either explicitly or spontaneously. Performing SUSY breaking 
one has to be careful not to spoil the cancellation of quadratic divergencies which allows one to 
solve the hierarchy problem. This is achieved by spontaneous breaking of SUSY. 

Apart from non-super symmetric theories, in SUSY models the energy is always nonnegative 
definite. Indeed, according to quantum mechanics 

E =< 0| H |0 > 

and due to SUSY algebra ea. (|1.2[) {Q a ,Qp} = 2(o" At ) Q iP M , taking into account that trfcr^P^) = 
2Pq, one gets 

E=jJ2 <0|{Q«,0a}|0>=^|Q a |0>| 2 >0. 

a=l,2 a 

Hence 

E =<0\ H |0 if and only if Q a \0 0. 

Therefore, supersymmetry is spontaneously broken, i.e. vacuum is not invariant (Q a |0 >^ 
0), if and only if the minimum of the potential is positive (i.e. E > 0) . 

Spontaneous breaking of supersymmetry is achieved in the same way as the electroweak sym- 
metry breaking. One introduces the field whose vacuum expectation value is nonzero and breaks 
the symmetry. However, due to a special character of SUSY, this should be a superfield whose 
auxiliary F and D components acquire nonzero v.e.v.'s. Thus, among possible spontaneous 
SUSY breaking mechanisms one distinguishes the F and D ones. 

i) Fayet-Iliopoulos (D-term) mechanism [12] . 
In this case the, the linear L>-term is added to the Lagrangian 

*£ = zv\om = tj d ' ev - (i-29) 

It is gauge and SUSY invariant by itself; however, it may lead to spontaneous breaking of both 
of them depending on the value of £. We show in FigEK the sample spectrum for two chiral 
matter multiplets. The drawback of this mechanism is the necessity of U(l) gauge invariance. 
It can be used in SUSY generalizations of the SM but not in GUTs. 
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a) b) 

Figure 2: Spectrum of spontaneously broken SUSY theories 



The mass spectrum also causes some troubles since the following sum rule is valid 

E m "= E m l ( L3 °) 

bosonic states fermionic states 

which is bad for phenomenology. 

ii) O'Raifeartaigh (F-term) mechanism |13j . 
In this case, several chiral fields are needed and the superpotential should be chosen in a way that 
trivial zero v.e.v.s for the auxiliary i^-fields be absent. For instance, choosing the superpotential 
to be 

W(<I>) = A<3?3 + m$i$>2 + fl^^i, 
one gets the equations for the auxiliary fields 

F{ = mA 2 + 2gA 1 A 3 , 
F 2 * = mil, 
F; = X + gAl 

which have no solutions with < F{ >= and SUSY is spontaneously broken. The sample 
spectrum is shown in FigEJo. 

The drawbacks of this mechanism is a lot of arbitrariness in the choice of potential. The 
sum rule (jOt)j) is also valid here. 

Unfortunately, none of these mechanisms explicitly works in SUSY generalizations of the 
SM. None of the fields of the SM can develop nonzero v.e.v.s for their F or D components 
without breaking SU(3) or U(l) gauge invariance since they are not singlets with respect to 
these groups. This requires the presence of extra sources of spontaneous SUSY breaking, which 
we consider below. They are based, however, on the same F and D mechanisms. 

1.4 SUSY generalization of the Standard Model. The MSSM 

As has been already mentioned, in SUSY theories the number of bosonic degrees of freedom 
equals that of fermionic. At the same time, in the SM one has 28 bosonic and 90 (96 with 
right handed neutrino) fermionic degrees of freedom. So the SM is to a great extent non- 
supersymmetric. Trying to add some new particles to supersymmetrize the SM, one should take 
into account the following observations: 
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• There are no fermions with quantum numbers of the gauge bosons; 

• Higgs fields have nonzero v.e.v.s; hence they cannot be superpartners of quarks and leptons 
since this would induce spontaneous violation of baryon and lepton numbers; 

• One needs at least two complex chiral Higgs multiplets to give masses to Up and Down 
quarks. 

The latter is due to the form of a superpotential and chirality of matter superfields. Indeed, 
the superpotential should be invariant under the SU(3) x SU(2) x U{\) gauge group. If one 
looks at the Yukawa interaction in the Standard Model, one finds that it is indeed U(l) invariant 
since the sum of hypercharges in each vertex equals zero. In the last term this is achieved by 
taking the conjugated Higgs doublet H = iT2H^ instead of H. However, in SUSY H is a chiral 
superfield and hence a superpotential, which is constructed out of chiral fields, can contain only 
H but not H which is an antichiral superfield. 

Another reason for the second Higgs doublet is related to chiral anomalies. It is known 
that chiral anomalies spoil the gauge invariance and, hence, the renormalizability of the theory. 
They are canceled in the SM between quarks and leptons in each generation. However, if 
one introduces a chiral Higgs superfield, it contains higgsinos, which are chiral fermions, and 
contain anomalies. To cancel them one has to add the second Higgs doublet with the opposite 
hypercharge. Therefore, the Higgs sector in SUSY models is inevitably enlarged, it contains an 
even number of doublets. 

Conclusion: In SUSY models supersymmetry associates known bosons with new fermions 
and known fermions with new bosons. 

1.4.1 The field content 

Consider the particle content of the Minimal Supersymmetric Standard Model j!41 Ac- 
cording to the previous discussion, in the minimal version we double the number of particles 
(introducing a superpartner to each particle) and add another Higgs doublet (with its super- 
partner). Thus, the characteristic feature of any supersymmetric generalization of the SM is 
the presence of superpartners (see FigEJ). If supersymmetry is exact, superpartners of ordinary 
particles should have the same masses and have to be observed. The absence of them at modern 
energies is believed to be explained by the fact that their masses are very heavy, that means 
that supersymmetry should be broken. 




Figure 3: The shadow world of SUSY particles ^5] 
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The particle content of the MSSM then appears as (tilde denotes a superpartner of an 
ordinary particle). 

Particle Content of the MSSM 
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The presence of an extra Higgs doublet in SUSY model is a novel feature of the theory. In 
the MSSM one has two doublets with the quantum numbers (1,2,-1) and (1,2,1), respectively: 



H{ J V if- \ H 2 / V V2 + 



V2 



where Vi are the vacuum expectation values of the neutral components. 

Hence, one has 8=4+4=5+3 degrees of freedom. As in the case of the SM, 3 degrees of 
freedom can be gauged away, and one is left with 5 physical states compared to 1 in the SM. 
Thus, in the MSSM, as actually in any of two Higgs doublet models, one has five physical Higgs 
bosons: two CP-even neutral, one CP-odd neutral and two charged. We consider the mass 
eigenstates below. 

1.4.2 Lagrangian of the MSSM 

The Lagrangian of the MSSM consists of two parts; the first part is SUSY generalization of the 
Standard Model, while the second one represents the SUSY breaking as mentioned above. 

£ = £-SUSY + ^-Breaking, (1-31) 

where 

Csusy = E 7 ( / dH TrW a W a + f d 2 9 TrW«W A ) 

SU{3),SU(2),U(1) V ' 

+ E / d2 ° d2 Q $U 93 ^ 3 + 92 ^ 2 + 9l ^$i + J d2 8 (VVr + Wnr) + h.c. (1.32) 

Matter 

The index R in a superpotential refers to the so-called i?-parity ^Sj. The first part of W is 
R-symmetric 

W R = e l3 {y v ah QiU c h R\ + y^ a BlH\ + y L ah V a EtR\ + /i/f^), (1.33) 
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where i,j = 1, 2, 3 are the SU(2) and a,b = 1, 2, 3 are the generation indices; colour indices are 
suppressed. This part of the Lagrangian almost exactly repeats that of the SM except that the 
fields are now the superfields rather than the ordinary fields of the SM. The only difference is 
the last term which describes the Higgs mixing. It is absent in the SM since there is only one 
Higgs field there. 

The second part is R-nonsymmetric 

W NR = e l3 (\ L ahd V a V h E c d + \ L : M V a Q> h D c d + + \* bd U c a D c b D c d . (1.34) 

These terms are absent in the SM. The reason is very simple: one can not replace the superfields 
in ea. (|1.34|) by the ordinary fields like in ea. (|1.33|) because of the Lorentz invariance. These terms 
have a different property they violate either lepton (the first 3 terms in ea. (|1.34)0 or baryon 
number (the last term). Since both effects are not observed in Nature, these terms must be 
suppressed or be excluded. One can avoid such terms if one introduces special symmetry called 
the .R-symmetry. This is the global U(1)r invariance 

U(1) R : 9 -> e ia e, $ -> e ina <S>, (1.35) 

which is reduced to the discrete group Zi , called the -R-parity. The imparity quantum number is 
given by R = (— i^( B ~ L )+ 2S f or particles with spin S. Thus, all the ordinary particles have the 
.R-parity quantum number equal to R = +1, while all the superpartners have -R-parity quantum 
number equal to R = — 1. The -R-parity obviously forbids the Wnr terms. However, it may well 
be that these terms are present, though experimental limits on the couplings are very severe |17j 

^abci ^abc < 10 4 , Af bc < 10 9 . 

1.4.3 Properties of interactions 

If one assumes that the -R-parity is preserved, then the interactions of superpartners are essen- 
tially the same as in the SM, but two of three particles involved into an interaction at any vertex 
are replaced by superpartners. The reason for it is the -R-parity. Conservation of the -R-parity 
has two consequences 

• the superpartners are created in pairs; 

• the lightest superparticle (LSP) is stable. Usually it is photino 7, the superpartner of a 
photon with some admixture of neutral higgsino. 

Typical vertices are shown in Figs0J The tilde above a letter denotes the corresponding 
superpartner. Note that the coupling is the same in all the vertices involving superpartners. 

1.4.4 Creation and decay of superpartners 

The above-mentioned rule together with the Feynman rules for the SM enables one to draw the 
diagrams describing creation of superpartners. One of the most promising processes is the e + e~ 
annihilation (see FigEJ). 

The usual kinematic restriction is given by the cm. energy fn^artide — ^T- Similar processes 
take place at hadron colliders with electrons and positrons being replaced by quarks and gluons. 

Creation of superpartners can be accompanied by creation of ordinary particles as well. We 
consider various experimental signatures for e + e~ and hadron colliders below. They crucially 
depend on SUSY breaking pattern and on the mass spectrum of superpartners. 

The decay properties of superpartners also depend on their masses. For the quark and lepton 
superpartners the main processes are shown in FigEl 
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Rigid Soft Rigid 

Figure 4: Gauge-matter interaction, gauge self-interaction and Yukawa-type interaction 




Figure 5: Creation of superpartners 



When the -R-parity is conserved, new particles will eventually end up giving neutralinos (the 
lightest superparticle) whose interactions are comparable to those of neutrinos and they leave 
undetected. Therefore, their signature would be missing energy and transverse momentum. 
Thus, if supersymmetry exists in Nature and if it is broken somewhere below 1 TeV, then it will 
be possible to detect it in the nearest future. 
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Figure 6: Decay of superpartners 



1.5 Breaking of SUSY in the MSSM 

Since none of the fields of the MSSM can develop non-zero v.e.v. to break SUSY without spoiling 
the gauge invariance, it is supposed that spontaneous supersymmetry breaking takes place via 
some other fields. The most common scenario for producing low-energy supersymmetry breaking 
is called the hidden sector one ^HJ- According to this scenario, there exist two sectors: the usual 
matter belongs to the "visible" one, while the second, "hidden" sector, contains fields which 
lead to breaking of supersymmetry. These two sectors interact with each other by exchange 
of some fields called messengers, which mediate SUSY breaking from the hidden to the visible 
sector. There might be various types of messenger fields: gravity, gauge, etc. The hidden sector 
is the weakest part of the MSSM. It contains a lot of ambiguities and leads to uncertainties of 
the MSSM predictions considered below. 

So far there are known four main mechanisms to mediate SUSY breaking from a hidden to 
a visible sector: 

• Gravity mediation (SUGRA) QU; 

• Gauge mediation |2"Uj : 

• Anomaly mediation |21j : 

• Gaugino mediation |22| . 

All four mechanisms of soft SUSY breaking are different in details but are common in re- 
sults. Predictions for the sparticle spectrum depend on the mechanism of SUSY breaking. For 
comparison of the four above-mentioned mechanisms we show in Fig|7]the sample spectra as the 
ratio to the gaugino mass M 2 |23| . 

In what follows, to calculate the mass spectrum of superpartners, we need an explicit form 
of SUSY breaking terms. For the MSSM and without the i2-parity violation one has 

-£ Breaking = ^ m 0i I <Pi 1 2 + f o M aKK + BH X H 2 (1.36) 
i V a 

+ A u ab Q a U c b H 2 + A^QaDlHx + A L ah l a E c h }i x + h.c.) , 

where we have suppressed the SU(2) indices. Here (fi are all scalar fields, X a are the gaugino 
fields, Q, U, D and L, E are the squark and slepton fields, respectively, and Hip are the SU(2) 
doublet Higgs fields. 

Ea. ()1.36|) contains a vast number of free parameters which spoils the prediction power of the 
model. To reduce their number, we adopt the so-called universality hypothesis, i.e., we assume 
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SPARTICLE SPECTRA 



M/M- 




Gravity Gauge Anomaly Gaugino 

Figure 7: Superparticle spectra for various mediation mechanisms 



the universality or equality of various soft parameters at a high energy scale. Namely, following 
the so-called mSUGRA SUSY breaking scenario, we put all the spin particle masses to be 
equal to the universal value mo, all the spin 1/2 particle (gaugino) masses to be equal to m\/2 
and all the cubic and quadratic terms, proportional to A and B, to repeat the structure of the 
Yukawa superpotential (jl.33j) . This is an additional requirement motivated by the supergravity 
mechanism of SUSY breaking. Universality is not a necessary requirement and one may consider 
nonuniversal soft terms as well. However, it will not change the qualitative picture presented 
below; so for simplicity, in what follows we consider the universal boundary conditions. In this 
case, ea. (jl.36|) takes the form 



^-■Breaking 

.U r\ ttctj i „.D r\ rSc u , „.L 



:i.37) 



+ A[y u ab Q a U£H 2 + vZQaDZH! + y^KE^] + B[[iHiH 2 ] + h.c. , 



The soft terms explicitly break supersymmetry. As will be shown later, they lead to the mass 
spectrum of superpartners different from that of ordinary particles. Remind that the masses of 
quarks and leptons remain zero until SU(2) invariance is spontaneously broken. 



1.5.1 The soft terms and the mass formulas 

There are two main sources of the mass terms in the Lagrangian: the D terms and soft ones. 
With given values of mo,mi/2, [J>, Yt, Y T , A, and B one can construct the mass matrices for all 
the particles. Knowing them at the GUT scale, one can solve the corresponding RG equations, 
thus linking the values at the GUT and electroweak scales. Substituting these parameters into 
the mass matrices, one can predict the mass spectrum of superpartners |241 125 j . 

Gaugino-higgsino mass terms The mass matrix for gauginos, the superpartners of the 
gauge bosons, and for higgsinos, the superpartners of the Higgs bosons, is nondiagonal, thus 
leading to their mixing. The mass terms look like 

Ccaugino-Higgsino = "^M 3 A a A a - ^M (0) X " ($M< c ty + h.C.), (1.38) 
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where A a , a = 1, 2, . . . , 8, are the Majorana gluino fields and 

/ B° \ 



X 



w 3 



w+ 

H+ 



(1.39) 



(1.40) 



/ 



v m j 

are, respectively, the Majorana neutralino and Dirac chargino fields. 
The neutralino mass matrix is 

/ Mi -Mz cos (3 sm.w Mz sin (5 sin^ \ 

M2 Mz cos cosw -Mz sin j3 cosw 

-Mz cos /3 sinvj/ Mz cos j3 cosw -\i 

\ Mz sin (3 sm\y -Mz sin /3 cosw -/•* 

where tan/3 = i^/fi is the ratio of two Higgs v.e.v.s and sin^y = sin9w is the usual sinus of 
the weak mixing angle. The physical neutralino masses M^o are obtained as eigenvalues of this 
matrix after diagonalization. 
For charginos one has 

M (c) = ( M 2 V2M w sm(3\ 

This matrix has two chargino eigenstates X\,2 mass eigenvalues 

1 



(1.41) 



M 



1,2 



M^ + fi z + 2M^ 



(1.42) 



yj (Mf - ji 2 ) 2 + AMyy cos 2 2/3 + AM W (Ml + /x 2 + 2M 2 /i sin 2/?) 



Squark and slepton masses Non-negligible Yukawa couplings cause a mixing between the 
electroweak eigenstates and the mass eigenstates of the third generation particles. The mixing 
matrices for rh 2 ,m 2 and fh 2 are 



m 



tL 



m t (A t - //cot/3) 



m t (A t - //cot /3) 



~2 



til 



m 



bL 



m^Af, — /ttan/3) 



TO£,(^bj — //tan /3) 



~ 2 



m T (A T — /ttan/3) 



m T (A T — /itan /3) 



-2 



m 



(1.43) 
(1.44) 
(1.45) 



with 





= mg + m 2 + ^(4M^ - Mf) cos 2/3, 




~ 2 , 2 

= + m t 


-^(M 2 ,- Ml) cos 2/3, 


™6L 


= friQ + ml 


-I(2M& + Mf) cos 2/3, 




~ 2 , 2 

= m D + m b 


+ i(M^- Mf) cos 2/3, 


™rL 


~ 2 , 2 

= m L + m T 


-I(2M 2 ,- Ml) cos 2(5, 




~ 2 , 2 

= m^ + rn,- 


+ (M^ - Ml) cos 2/3 
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and the mass eigenstates are the eigenvalues of these mass matrices. For the light generations 
the mixing is negligible. 

The first terms here (m 2 ) are the soft ones, which are calculated using the RG equations 
starting from their values at the GUT (Planck) scale. The second ones are the usual masses of 
quarks and leptons and the last ones are the .D-terms of the potential. 



1.5.2 The Higgs potential 

As has already been mentioned, the Higgs potential in the MSSM is totally defined by superpo- 
tential W and the soft terms. Due to the structure of W the Higgs self-interaction is given by 
the .D-terms while the i^-terms contribute only to the mass matrix. The tree level potential is 

V tree (H u H 2 ) = m 2 |#i| 2 + m\\H 2 \ 2 - m\[H x R 2 + h.c.) 

+ 9 -t^ { \ Hl \'-\H 2 \r + 9 ^\HtH 2 \ 2 , (1.46) 

where m 2 = rrijj + /i 2 , m 2 . = m 2 H2 + /j 2 . At the GUT scale m 2 = m 2 = m\ + /i 2 ,, m\ = —B(j,q. 
Notice that the Higgs self-interaction coupling in ea. (|1.46j) is fixed and defined by the gauge 
interactions as opposed to the SM. 

The potential (|1.46|) . in accordance with supersymmetry, is positive definite and stable. It 
has no nontrivial minimum different from zero. Indeed, let us write the minimization condition 
for the potential 1)1.46(1 

1 SV 2 2 , 9 2 + 9 12 ( 2 2^ n n A^7\ 

2~5Hl = m i u i _m 3 v 2 + 1 {v 1 -v 2 )v 1 = 0, (1.47) 

' 2 2 , 9 2 + J 2 i 2 2n n ,, , al 

: 7712^2-^3^1-^ -a {V 1 -V 2 )V2=0, (1.48) 



2SH 2 

where we have introduced the notation 

9 9 9 ^2 

< Hi >= vi = v cos/?, < H 2 >= v 2 = v sin/3, v =Vi+v 2 , tan/3 = — . 

Vi 

Solution of eqs. ()1.47|) . ()1.48j) can be expressed in terms of v 2 and sin 2/3 

v 2 = \(rn 2 -rn 2 t,n 2 p) ^ = J^L_ {lM) 



One can easily see from eq. (|1.49|) that if m 2 = m 2 = ttt-q + /ig, v 2 happens to be negative, i.e. 
the minimum does not exist. In fact, real positive solutions to eas. (jl.47|) . (|l,48|) exist only if the 
following conditions are satisfied: 

m\ + m 2 > 2m 2 , m\m\ < m 3 , (1.50) 

which is not the case at the GUT scale. This means that spontaneous breaking of the SU{2) 
gauge invariance, which is needed in the SM to give masses for all the particles, does not take 
place in the MSSM. 

This strong statement is valid, however, only at the GUT scale. Indeed, going down with 
energy, the parameters of the potential (|1.46f) are renormalized. They become the "running" 
parameters with the energy scale dependence given by the RG equations. The running of 
the parameters leads to a remarkable phenomenon known as radiative spontaneous symmetry 
breaking to be discussed below. 
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Provided conditions (|1.5Uj) are satisfied, the mass matrices at the tree level are 
CP-odd components Pi and P2 : 



M 



odd 



d 2 V 



dPidPj 



Hi=Vi 



tan (3 1 
1 cot/3 



m 



3- 



CP-even neutral components S\ and S2 



8 2 V 



1 



sin 2/3 



dSidSj 

Charged components H~ and H + : 

d 2 v 



tan/? — 1 \ 2 I cot 8 , . w 
-1 cot/3 H+( _i tan/3 J z 2 



dH+dHj 



tan/3 



Hi=Vi 



cot /3 



(m| + M^y cos /3 sin /?) . 



Diagonalizing the mass matrices, one gets the mass eigenstates: 



— cos (3 Pi + sin PP2 , 
sin (3P\ + cos /3i-2 , 



Goldstone boson — > Zo, 
Neutral CP = — 1 Higgs, 



[1.51) 



[1.52) 



[1.53) 



- cos 3(H{)* + sin /3H+, 
sin (3(H{)* + cos (3H£, 



Goldstone boson — > W + , 
Charged Higgs, 



— sina5i + cosaS^, 
cosa5i + sin 0^2, 



SM PTigc/s 6oson CP = 1, 
Extra heavy Higgs boson, 



where the mixing angle a is given by equation: tan 2a = tan 23 
The physical Higgs bosons acquire the following masses |14j : 



-Mf 



CP-odd neutral Higgs A : 
Charge Higgses H^ : 



m\ -- 
m 2 H± 



2 1 2 
mj + m 2 , 

-- m\ + M^, 



CP-even neutral Higgses H, h: 

2 1 
™H,h = 2 

where, as usual, 



m 2 A + M z ± 



rn 



\ + M|) 2 - Am\M 2 z cos 2 2/3 



5 2 2 
~2 V ' 



g 2 + g /2 2 
r u • 



This leads to the once celebrated SUSY mass relations 

m H ± > M w , m h < nriA < M H , 



m h < M z \ cos 2(3\ < M z , ml + m 2 H 



m 



+ M|. 



(1.54) 



:i.55) 



(1.56) 



Thus, the lightest neutral Higgs boson happens to be lighter than the Z boson, which clearly 
distinguishes it from the SM one. Though we do not know the mass of the Higgs boson in the 
SM, there are several indirect constraints leading to the lower boundary of m^ M > 135 GeV |26| . 
After including the radiative corrections, the mass of the lightest Higgs boson in the MSSM, 
n%h, however, increases. We consider it in more detail below. 
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1.5.3 Renormalization group analysis 

To calculate the low energy values of the soft terms, we use the corresponding RG equations. 
The one-loop RG equations for the rigid MSSM couplings are |27] 



— - = h&l t = \ogQ 2 /M 2 GUT 
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-Y L ( ya 3 + 3d 2 + — fii - 6Y V -Y D ) 



da 
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— a 3 + 3a 2 + — oti - Yu- 6Y D - Y L 
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-Y L ( 3a 2 + -ax - 3Y D - AY L 



(1.57) 



where we use the notation a = a /Air = g 2 /16ir 2 , Y = y 2 /lQ-K 2 . 
For the soft terms one finds 
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hoiiMi. 
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„ a 3 M 3 + 3a 2 M 2 + —a x M x + 6Y v Au + Y D A D , 
3 15 

16 7 

—a 3 M 3 + 3a 2 M 2 + —a x M x + 6Y D A D + Y V A V + Y L A L , 
3 15 
9 

3d 2 M 2 + -axMx + 3Y D A D + AY L A L , 
5 

3a 2 M 2 + -axMx + 3Y v Au + 3Y D A D + Y L A L . 
5 

16 1 

(—a 3 M 2 + 3a 2 M 2 + —c^M 2 ) 



Yu{rh 2 Q + mf; + m z H2 + Afj) - Y D (rh 2 Q +rti D + m z Hl + A Z D 



z,2 



16 



16 



(— a 3 M 2 + —o^M 2 ) - 2Yu(rh 2 Q + mfj + m 2 H2 + A 



Uj 



(^a 3 M 2 + —axM 2 ) - 2Y D (m 2 Q + m\ + m 2 Hi + A 2 D ) 
3(d 2 M 2 2 + -a x Ml) - Y L (m 2 L + m% + m 2 Hl + A\) 
{—axMl) - 2Y L (m\ + m\ + m 2 Hl + A 2 L ) 



3(a 2 + -ax) - (3Y V + 3Y D + Y L ) 
5 



1 



3(a 2 M| + -a x M{ ) - 3Y D (m z Q + rh D + m z Hl + A D ) 
o 



Y L (mi + m E + m 2 Hi + A 2 L 
3(d 2 M| + -axMl) - 3Y v {m 2 Q + m 2 v + m 2 H2 + A 2 V ) 



:i.58) 



Having all the RG equations, one can now find the RG flow for the soft terms. Taking 
the initial values of the soft masses at the GUT scale in the interval between 10 2 -f- 10 3 GeV 
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consistent with the SUSY scale suggested by unification of the gauge couplings [251 E] leads to 
the RG flow of the soft terms shown in Fig|5J PU US] 




2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 



log 10 Q logio Q 

Figure 8: An example of evolution of sparticle masses and soft supersymmetry breaking param- 
eters m\ = m 2 H + /i 2 and to 2 . = ni 2 H + /i 2 for low (left) and high (right) values of tan f3 



One should mention the following general features common to any choice of initial conditions: 

i) The gaugino masses follow the running of the gauge couplings and split at low energies. 
The gluino mass is running faster than the others and is usually the heaviest due to the strong 
interaction. 

ii) The squark and slepton masses also split at low energies, the stops (and sbottoms) being 
the lightest due to relatively big Yukawa couplings of the third generation. 

iii) The Higgs masses (or at least one of them) are running down very quickly and may even 
become negative. 
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Figure 9: The masses of sparticles as functions of the initial value tuq 

Typical dependence of the mass spectra on the initial conditions (m-o) is also shown in Fig^J 
For a given value of mi/ 2 the masses of the lightest particles are practically independent 
of mo, while the heavier ones increase with it monotonically. One can see that the lightest 
neutralinos and charginos as well as the stop squark may be rather light. 

The running of the Higgs masses leads to the phenomenon known as radiative electroweak 
symmetry breaking. Indeed, one can see in Fig|H]that m\ (or both m 2 and m 2 ,) decreases when 
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going down from the GUT scale to the Mz scale and can even become negative. As a result, 
at some value of Q 2 the conditions (|1,5U|) are satisfied, so that the nontrivial minimum appears. 
This triggers spontaneous breaking of the SU(2) gauge invariance. The vacuum expectations of 
the Higgs fields acquire nonzero values and provide masses to quarks, leptons and SU (2) gauge 
bosons, and additional masses to their superpartners. 

In this way one also obtains the explanation of why the two scales are so much different. 
Due to the logarithmic running of the parameters, one needs a long "running time" to get 
m| (or both m 2 and m|) to be negative when starting from a positive value of the order of 
Msusy ~ 10 2 -T- 10 3 GeV at the GUT scale. 



1.6 Constrained MSSM 

1.6.1 Parameter space of the MSSM 

The Minimal Supersymmetric Standard Model has the following free parameters: 

i) three gauge couplings af, 

ii) three matrices of the Yukawa couplings y l ab , where i = L,U, D; 
hi) the Higgs field mixing parameter /i; 

iv) the soft supersymmetry breaking parameters. 

Compared to the SM there is an additional Higgs mixing parameter, but the Higgs self-coupling, 
which is arbitrary in the SM, is fixed by supersymmetry. The main uncertainty comes from the 
unknown soft terms. 

With the universality hypothesis one is left with the following set of 5 free parameters defining 
the mass scales 

u, mo, A and B <-> tan/3 = — . 

' vi 

While choosing parameters and making predictions, one has two possible ways to proceed: 

i) take the low-energy parameters like superparticle masses rhti,rht2,rnA, tan/?, mixings 
X s top, At, etc. as input and calculate cross-sections as functions of these parameters. 

ii) take the high-energy parameters like the above mentioned 5 soft parameters as input, run 
the RG equations and find the low-energy values. Now the calculations can be carried out in 
terms of the initial parameters. The experimental constraints are sufficient to determine these 
parameters, albeit with large uncertainties. 

Both the ways are used in a phenomenological analysis. We show below how it works in 
practice. 



1.6.2 The choice of constraints 

When subjecting constraints on the MSSM, perhaps, the most remarkable fact is that all of 
them can be fulfilled simultaneously. In our analysis we impose the following constraints on the 
parameter space of the MSSM: 

• Gauge coupling constant unification; 

This is one of the most restrictive constraints which we have discussed in [£>j. It fixes the scale 
of SUSY breaking of an order of 1 TeV. 

• Mz from electroweak symmetry breaking; 

Radiative EW symmetry breaking (see ea. (jl.49Jl ) defines the mass of the Z-boson 

,,9 m? — mo tan 2 /3 ,„ . 
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This condition determines the value of (i 2 for given values of ttiq and m^ 2 • 

• Yukawa coupling constant unification; 
The masses of top, bottom and r can be obtained from the low energy values of the running 
Yukawa couplings via 

mt = Vt v sin/3, m& = v cos /?, m T = y T v cos f3. (1.60) 

They can be translated to the pole masses with account taken of the radiative corrections. The 
requirement of bottom-tau Yukawa coupling unification, i.e. equality of 6-quark and r-lepton 
masses at the GUT scale, strongly restricts the possible solutions in mt versus tan (3 plane |30 as 
it can be seen from Fig llfll Releasing this constraint one may use intermediate values of tan (3. 
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Figure 10: The upper part shows the top quark mass as a function of tan (3 for uiq = 600 GeV, 
m i/2 = 400 GeV. The middle part shows the corresponding values of the Yukawa couplings at 
the GUT scale and the lower part of the x 2 values. 

• Precision measurement of decay rates; 

We take the branching ratio BR(b — > sj) which has been measured by the CLEO [SJ collabora- 
tion and later by ALEPH 32 and yields the world average of BR(b 57) = (3. 14 ±0.48) • 10~ 4 . 
The Standard Model contribution to this process gives slightly lower result, thus leaving window 
for SUSY. This requirement imposes severe restrictions on the parameter space, especially for 
the case of large tan (3. 

• Anomalous magnetic moment of muon. 

Recent measurement of the anomalous magnetic moment indicates small deviation from the 
SM of the order of 2 a. The deficiency may be easily filled with SUSY contribution, which is 
proportional to \i. This requires positive sign of \x that kills a half of the parameter space of the 
MSSM [SSI. 

• Experimental lower limits on SUSY masses; 

SUSY particles have not been found so far and from the searches at LEP one knows the lower 
limit on the charged lepton and chargino masses of about half of the centre of mass energy |34| . 
The lower limit on the neutralino masses is smaller. There exist also limits on squark and gluino 
masses from the hadron colliders jSS]. These limits restrict the minimal values for the SUSY 
mass parameters. 
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• Dark Matter constraint; 
In the early Universe all particles were produced abundantly and were in thermal equilibrium 
through annihilation and production processes. The time evolution of the number density of the 
particles is given by Boltzmann equation and can be evaluated knowing the thermally averaged 
total annihilation cross section. The WIMP's fall out of the equilibrium at a temperature of 
about m x /22 36 and a relic cosmic abundance remains. At the present, the mass density in 
units of the critical density is given by [HI] 



The amount of neutralinos should not be too big to overdose the Universe and, at the same 
time, it should be enough to produce the right amount of the Dark matter. Taking the value of 
the Hubble parameter to be ho > 0.4 one finds that the contribution of each relic particle species 
X has to obey conservative bounds Q^o ~ 0.1 4 0.3. This serves as a very severe bound on 
SUSY parameters |38j . We show below that recent very precise data from WMAP collaboration, 
which measured thermal fluctuations of Cosmic Microwave Background radiation and restricted 
the amount of the Dark matter in the Universe up to 23 ± 4%, leave a very narrow band of 
allowed region in parameter space. 

Having in mind the above mentioned constraints one can find the most probable region of 
the parameter space by minimizing the \ 2 function ■ We first choose the value of the Higgs 
mixing parameter fi from the requirement of radiative EW symmetry breaking, then we take 
the values of tan j3 from the requirement of Yukawa coupling unification (see Fig llOj) . One finds 
two possible solutions: low tan/3 solution corresponding to tan/3 1.7 and high tan/3 solution 
corresponding to tan j3 30 4- 60. 

The low tan (3 solution which predicts light particles was very popular at the time of LEP. 
Unfortunately, LEP found neither superpartners nor the light Higgs boson. A modern limit on 
the value of tan/3 comes from non-observation of the Higgs boson up to 114 GeV and restricts 
tan /3 > 3 4 4. Moreover, since most of the SUSY radiative corrections are proportional to tan /3, 
large values of tan (3 are preferable. 

What is left are the values of the soft parameters A, mo and m^ 2 . However, the role of 
the trilinear coupling A is not essential. In what follows, we consider the plane mo,mi/2 and 
find the allowed region in this plane. Each point at this plane corresponds to a fixed set of 
parameters and allows one to calculate the spectrum, the cross-sections, etc. 

We present the allowed regions of the parameter space for two typical values of tan/3 in 
Fig llll This plot demonstrates the role of various constraints in the x 2 function. The contours 
enclose domains by the particular constraints used in the analysis |39| . Fig |12l shows the role of 
the Dark Matter constraint (before WMAP). 

Taking into account the WMAP data puts even more severe constrains due to very high 
precision of measurement. This constraint is shown in Fig ll3l as a narrow light blue band |40|I41|. 
We have taken here a twice wider region in the mo,my 2 plane, thus allowing higher masses of 
superpartners. 




(1.61) 
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Figure 11: Allowed regions of parameter space for high tan/3 scenario. 
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Figure 12: Restrictions on parameter space from the requirement of the right amount of the 
Dark Matter. 
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Figure 13: The light shaded (blue) line is the region allowed by WMAP for tan/3 = 51, /x > 
and = 0.5mo- The excluded regions where the stau would be the LSP (red, left upper corner) 
or EWSB fails (red, right corner) or the Higgs boson is too light (yellow, left low corner) are 
indicated by the dots. 
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1.6.3 The mass spectrum of superpartners 

When the parameter set is fixed, one can calculate the mass spectrum of superpartners. Below 
we show the typical mass spectrum |40| for large tan j3 solution. At the top we show the fitted 
values of the soft SUSY breaking parameters and at the bottom of the table on can see also the 
values of some observables used as constraints and fitted by the choice of parameters. 



Parameter 


Value 


Value 


m 


500 GeV 


500 GeV 


m l/2 


350 GeV 


550 GeV 


tan/3 


50 


52 


A 


• mo 


• mo 


sign n 


+ 


+ 


Particle 


Mass [GeV] 


Mass [GeV] 


v° 

A.1, 2,3,4 


144, 259, 447, 462 


230, 420, 665, 676 


Xl,2 


259, 463 


420, 677 


g 


803 


1231 




618, 769 


899, 1066 


h,2 


679, 758 


960, 1052 


Ul,2 


864, 889 


1185, 1230 


dl,2 


862, 892 


1180, 1233 


h,2 


318, 496 


289, 565 




519, 556 


544, 626 


V T 


475 


538 


V 


550 


621 


h 


115.0 


118.0 


H 


375.4 


493.6 


A 


375.7 


496.0 


H± 


386.7 


505.0 


Observable 


Value 


Value 


Br{b -» X sl ) 


1.63 • 10" 4 


2.68 • 10" 4 


Br(B s ^ fi+iT) 


~ 5 • 10~ 8 


~ 2 • 10~ 8 


« M 


363 • lO" 11 


224 • lO" 11 


Qh 2 


0.117 


0.113 



Table 1: mSUGRA parameters and the corresponding mass spectrum of superpartners. 

Notice the low values of the masses of the lightest Higgs boson and of the lightest neutralino 
which is the LSP. They happen to be very sensitive to the value of tan j3 and increase with 
increase of the latter. 
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1.6.4 Experimental signatures at e + e colliders 

Experiments are finally beginning to push into a significant region of supersymmetry parameter 
space. We know the sparticles and their couplings, but we do not know their masses and mixings. 
Given the mass spectrum one can calculate the cross-sections and consider the possibilities of 
observing new particles at modern accelerators. Otherwise, one can get restrictions on unknown 
parameters. 

We start with e + e~ colliders. In the leading order creation of superpartners is given by the 
diagrams shown in FigEl above. For a given center of mass energy the cross-sections depend on 
the mass of created particles and vanish at the kinematic boundary. Experimental signatures are 
defined by the decay modes which vary with the mass spectrum. The main ones are summarized 
below. A characteristic feature of all possible signatures is the missing energy and transverse 
momenta, which is a trade mark of a new physics. 



Production Key Decay Modes 



Signatures 



Il,rIl,r I 



vv 

xtxt 



Ai A, J 



tjtj 



bibj 



R ' 

ii- 

V — 

xt 
xt 
xt 
xt 
xV 



h 



* ^ Xi \ cascade 

* l Xi y decays 

xi^v, Xiqq' 
- xlff 

-> Wi -> IviXi 
-> vj, -> uilxi 



x\x' 



cXi 



bx° 2 



bff'xi 



acomplanar pair of 
charged leptons + Et 



T 



isol lept + 2 jets + 
pair of acomplanar 
leptons + jtr 
4 jets + ^ T 
X = vi&i invisible 

= 7, 21, 2 jets 
2l + ^ T ,l + 2j + 

2 jets + ^ T 

2 b jets + 2 leptons + 

2 b jets + lepton + 

2 b jets + ^ T 

2 b jets + 2 leptons + 

2 b jets + 2 jets + ^ T 



Numerous attempts to find superpartners at LEP II gave no positive result thus imposing 
the lower bounds on their masses |34| . They are shown on the parameter plane in Fig |14l 
Typical LEP II limits on the masses of superpartners are 



m x o > 40 GeV 
ml > 100 GeV 



m~ eL R > 105 GeV m~ t > 90 GeV 
mp, L R > 100 GeV m~ b > 80 GeV 
m fL R > 80 GeV 



(1.62) 



1.6.5 Experimental signatures at hadron colliders 



Experimental signatures at hadron colliders are similar to those at e + e machines; however, 
here one has much wider possibilities. Besides the usual annihilation channel identical to e + e~ 
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Figure 14: The excluded region in chargino-slepton and chargino-stop mass plane 
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one with the obvious replacement of electrons by quarks (see FigEJ) , one has numerous processes 
of gluon fusion, quark-antiquark and quark-gluon scattering (see Fig |T5)l . 
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Figure 15: Gluon fusion, qq scattering, quark-gluon scattering 
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Experimental SUSY signatures at the Tevatron (and LHC) are 



Production Key Decay Modes Signatures 



+ multijets 
(+leptons) 



gg,qq,gq qqxi )mq>m~ g 




rrig > triq 

Xfx°2 Xf - Xi^v, X°2 - XiU Trilepton + fi T 

Xi xW, X° Xi«, Dilepton + jet + ^ T 

XiXi Xi iXi^" Dilepton + ^ T 
X?X? X° - X?*, Xi - Xi*' + Dilept+(jets)+lept 

titi t\ — ► ex? 2 acollinear jets + 

*i &xf , xf XlW single lepton + ^ T + 6's 

*i bxf,xt Xi^, Dilepton + ^ T + 6's 

/7, [z>, Pz> ^ -»• I ± x°, ^ ^zxf Dilepton + ^ T 

v ~ *■ ^Xi Single lept + + jets 



Note again the characteristic missing energy and transverse momenta events. Contrary to e + e 
colliders, at hadron machines the background is extremely rich and essential. 



1.6.6 The lightest superparticle 

One of the crucial questions is the properties of the lightest superparticle. Different SUSY 
breaking scenarios lead to different experimental signatures and different LSP. 

• Gravity mediation 

In this case, the LSP is the lightest neutralino Xi, which is almost 90% photino for a low 
tan f3 solution and contains more higgsino admixture for high tan f3. The usual signature for 
LSP is missing energy; Xi is stable and is the best candidate for the cold dark matter in the 
Universe. Typical processes, where the LSP is created, end up with jets + ^t, or leptons + ^t, 

or both jest + leptons + ^t- 

• Gauge mediation 

In this case the LSP is the gravitino G which also leads to missing energy. The actual 
question here is what the NLSP, the next-to-lightest particle, is. There are two possibilities: 

i) Xi is the NLSP. Then the decay modes are: Xi ~^ lG, hG, ZG. As a result, one has two 
hard photons + ^t, or jets + jtr- 

ii) Ir is the NLSP. Then the decay mode is Ir — > tG and the signature is a charged lepton 
and the missing energy. 

• Anomaly mediation 

In this case, one also has two possibilities: 

i) Xi is the LSP and wino-like. It is almost degenerate with the NLSP. 

ii) &L is the LSP. Then it appears in the decay of chargino x + vl and the signature is the 
charged lepton and the missing energy. 



30 



• R-parity violation 

In this case, the LSP is no longer stable and decays into the SM particles. It may be charged 
(or even colored) and may lead to rare decays like neutrinoless double /3-decay, etc. 

Experimental limits on the LSP mass follow from non-observation of the corresponding 
events. Modern lower limit from LEP is around 40 GeV (see Fig ll6|) . 



Preliminary DELPHI LSP limit at 189 GeV 
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Figure 16: The LSP mass limits within the MSSM |34| 



1.7 The Higgs boson mass in the MSSM 

One of the hottest topics in the SM now is the search for the Higgs boson. It is also a window 
to a new physics. Below we consider properties of the Higgs boson in the MSSM. 

It has already been mentioned that in the MSSM the mass of the lightest Higgs boson is 
predicted to be less than the Z-boson mass. This is, however, the tree level result and the masses 
acquire the radiative corrections. With account taken of the one-loop radiative corrections the 
lightest Higgs mass is 

m h « M Z cos 2/3 + ^—^ log — (1.63) 

One finds that the one-loop correction is positive and increases the mass value. Two loop 
corrections have the opposite effect but are smaller |42| . 

The Higgs mass depends mainly on the following parameters: the top mass, the squark 
masses, the mixing in the stop sector and tan (5. The maximum Higgs mass is obtained for large 
tan /3, for a maximum value of the top and squark masses and a minimum value of the stop 
mixing. 

The lightest Higgs boson mass is shown as a function of tan/? in Fig. El 43 J. The shaded 
band corresponds to the uncertainty from the stop mass and stop mixing for mj = 175 GeV. 
The upper and lower lines correspond to m t =l70 and 180 GeV, respectively. 

Combining all the uncertainties the results for the Higgs mass in the CMSSM can be sum- 
marized as follows: 

• The low tan/3 scenario (tan/? < 3.3) of the CMSSM is excluded by the lower limit on the 
Higgs mass of 113.3 GeV |S]. 

• For the high tan/3 scenario the Higgs mass is found to be |43j : 

m/j = 115 ± 3 (stopm) ± 1.5 (stopmix) ± 2 (theory) ± 5 (topm) GeV, 
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Figure 17: The mass of the lightest Higgs boson in the MSSM as a function of tan (3 

where the errors are the estimated standard deviations around the central value. 

One can see that the LEP came very close to SUSY prediction for the Higgs mass and 
already ruled out low tan (3 scenario. The next step is to be made by Tevatron. Unfortunately, 
the luminosity of Tevatron at the moment is not enough to distinguish the Higgs boson from 
the background. One have to wait till LHC starts operation. 

However, these SUSY limits on the Higgs mass may not be so restricting if non-minimal 
SUSY models are considered. Already in the Next-to-Minimal model |45| the Higgs mass at 
low tan/3 may be lifted by 20-30 GeV. However, more sophisticated models do not change the 
generic feature of SUSY theories, the presence of the light Higgs boson. 



1.8 Perspectives of SUSY observation 

With the LEP shut down, further attempts to discover supersymmetry are connected with the 
Tevatron and LHC hadron colliders. 

Tevatron 

The Fermilab Tevatron collider will define the high energy frontier of particle physics while 
CERN's Large Hadron Collider is being built. At the first stage (Run Ha), it has 2 fb _1 of 
integrated luminosity per experiment at ^/s = 2 TeV. AT the second stage (Run lib), the 
luminosity is expected to reach 15 fb _1 per experiment. However, since it is a hadron collider, 
not the full energy goes into collision taken away by those quarks in a proton that do not take 
part in the interaction. Any direct search is kinematically limited to below 450 GeV. 

There exist numerous papers on SUSY searches at the Tevatron |46|-|49|. Modern exclusion 
areas are shown in plots in Fig |18l 46] for squarks, sneutrinos, and gluino. They impose the 
limits on the squark and gluino masses: rriq > 300 GeV, rrig > 195 GeV. 

We show in Tabled ■4?_ the discovery reach of the Tevatron for squarks of the third generation 
for 20 fb _1 of integrated luminosity. They are still far from the expected masses of superpartners 
predicted by the MSSM (see Tabled). 

Gluinos and squarks are pair-produced at the Tevatron. One may have gg,gq, and qq pairs. 
In most of the parameter space accessible at the Tevatron, the left-chiral squark dominantly 
decays into a quark and either a xt or a X2- Pair-produced squarks and gluinos have at least 
two large- Et jets associated with large missing energy. The final state with lepton(s) is possible 
due to leptonic decays of the xt and/or \2- 
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Figure 18: Exclusion plots for squarks and sneutrinos (left) and squarks and gluino (right) at 
Tevatron 
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(Br = 100%) 


Decay 


b\b\ or tit i 


@20 fb^ 1 ) 


(Run I) 


h - bx\ 




bb^r 


260 GeV/c 2 


(146 GeV/c 2 ) 


h -> c X ? 




ccjtx 


220 GeV/c 2 


(116 GeV/c 2 ) 


t\ — > blv 


z/ -> i/xi 


i + rb^ T 


240 GeV/c 2 


(140 GeV/c 2 ) 


h -> blvxi 




i + rb^ T 




(129 GeV/c 2 ) 


h &xf 






210 GeV/c 2 


(-) 






l+l-bjfir 


190 GeV/c 2 


(-) 



Table 2: Discovery reaches on and expected in Run II. 



We show also the discovery reach of the Tevatron in the m-0) r71 i/2 parameter plane of the 
MSSM in the trilepton channel [17] for two values of tan (3. The trilepton signal arises when 
both the lightest chargino (Xi ) an d the next-to- lightest neutralino (x[>) decay leptonically in 
PP ~^ xtx2 + X. In the trilepton channel the Tevatron will be sensitive up to mi/ 2 < 250 GeV 
if m < 200 GeV and up to m 1/2 < 200 GeV if m > 500 GeV. 

LHC 

The LHC hadron collider is the ultimate machine for new physics at the TeV scale. Its cm. 
energy is planned to be 14 TeV with very high luminosity up to a few hundred fb _1 . The LHC 
is supposed to cover A wide range of parameters of the MSSM (see Figs, below) and discover 
the superpartners with the masses below 2 TeV This will be a crucial test for the MSSM 
and the low energy supersymmetry. The LHC potential to discover supersymmetry is widely 
discussed in the literature [5l7]-[S2*]. 

The gluino and squark production cross sections at LHC can reach 1 pb for masses around 
1 TeV. Their decays produce missing transverse momentum from the LSP escape plus multiple 
jets and a varying number of leptons from the intermediate gauginos. The main decay mode is 



33 



tan/3 = 5, A Q = 0, fj,>0, m t =175 GeV tan/? = 50, A Q =o, fi>0, m t =l75 GeV 
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Figure 19: Regions of the m , m 1 / 2 plane where the trilepton events should be detectable at the 
level of 5cj significance for tan /3 = 5 (left) and tan (3 = 50 (right) [IS]. Three areas are shown for 
the integrated luminosity of 30 fb _1 (magenda), 10 fb _1 (blue) and 2 fb _1 (green). The large 
red regions are excluded. Dashed lines represent the SUSY contribution to the muon anomalous 
magnetic moment (in units of 10 -10 ) and the dotted lines are iso-mass contours of the lightest 
neutral Higgs boson. 

quarks and gluons plus the LSP. Cascade decays and as a consequence of multilepton events are 
almost negligible. A typical event with the cascade squark decay is shown in Fig|20l 

Gluino/squark production event topology 
allowing sparticle mass reconstruction 




Figure 20: The cascade decay of squarks into jets and neutralino with possible addition of 
multileptons 

The LHC will be able to discover SUSY with squark and gluino masses up to 2 4- 2.5 
TeV for the luminosity Ltot = 100 fb . The expected discovery reach for various channels 
is shown in Figs l211l221 The most powerful signature for squark and gluino detection are multi- 
jet events; however, the discovery potential depends on relation between the LSP, squark, and 
gluino masses, and decreases with the increase of the LSP mass. 
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Expected sparticle reach in various channels 
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Figure 21: Expected sparticle reach in various channels at LHC |51| 
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Figure 22: Expected squarks and gluino reach at LHC for various luminosities [HJ 



Slepton pairs produced through the Drell-Yan mechanism pp — * 7*/Z* —* l + l~ can be 
detected through their leptonic decays I — > I + Xi- The typical signature used for sleptons 
detection is the dilepton pair with missing energy and no hadronic jets. For the luminosity 
Ltot = 100 fb' 1 LHC will be able to discover sleptons with the masses up to 400 GeV (SHI- The 
discovery reach for sleptons in various channels is shown in Fie l2.jl 

Chargino and neutralino pairs are also produced via the Drell-Yan mechanism pp — > x^X^ 
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Slepton mapping of parameter space 
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Figure 23: Expected slepton reach at LHC |51| 

and may be detected through their leptonic decays xfx^ ~~ > M + E't %ss . So their main signature 
is the isolated leptons with missing energy. The main background to the three lepton channel 
comes from WZ/ZZ, ti, Zbb and bb production. There could also be SUSY background arising 
from squarks and gluino cascade decays into multileptonic modes. In the case of light gauginos 
and heavy squarks and sleptons, which can be realized in some regions of parameter space of 
the MSSM, the cross sections for gaugino production may exceed those of strongly interacting 
particles. Neutralinos and charginos could be detected provided their masses are lighter than 
350 GeV |Sg. 

1.9 Conclusion 

Supersymmetry is now the most popular extension of the Standard Model. It promises us 
that new physics is round the corner at a TeV scale to be exploited at new machines of this 
decade. If our expectations are correct, very soon we will face new discoveries, the whole world 
of supersymmetric particles will show up and the table of fundamental particles will be enlarged 
in increasing rate. This would be a great step in understanding the microworld. 



36 



2 PART II EXTRA DIMENSIONS 



2.1 The main ideas 

Extra dimensions attracted considerable interest in recent years mainly due to unusual possibil- 
ities and intriguing effects even in classical physics. (For review see, e.g. Refs.|53|. We follow 
mostly Yu.Kubyshin paper.) There is no much motivation for ED in particle physics except 
for the string theory paradigm. The point is that to be consistent the string theory requires 
cancellation of conformal anomaly which is possible in the critical dimension equal to 26 for the 
bosonic string and 10 for the fermionic one |54| . This way the ED come into play. Due to the 
presence of entirely new ingredients these models provide solutions to some problems of the SM, 
in particular, of the hierarchy problem in GUTs. 

To explain why we do not see the ED, one usually refers to the so-called Kaluza-Klein 
picture It is believed that the space-time has 3 large spacial dimensions, and small and 

compact extra ones. We do not see them because the radius of ED is too small for the present 
energies, say, equal to the Planck length, 1CP 33 cm. This is shown symbolically in Fig l241 



At the same time, recently there appeared an alternative explanation. This one is related 
to the so-called brane- world picture |561 157j . Here we do not assume small and compact ED, 
but rather large ones, and the reason why we do not see them is that we are "localized" on a 
4-dimensional brane in this multidimensional space-time (see Figl24|). This is similar to being 
confined in a potential well and not being able to escape it if the energy is not big enough. To get 
an example of such a localization, consider some classical solution of the form of a kink jSHj. Its 
energy is localized in the transition region and the corresponding particle seems to be localized 
in this region (see Figl25[). 

Both the pictures or even some combination of them may well be realized in Nature and 
below we consider some consequences of such an assumption. 

2.2 Kaluza-Klein Approach 

The KK approach is based on the hypothesis that the space-time is a (4+d)-dimensional pseudo 
Euclidean space jSH] 



where M4 is the four-dimensional space-time and K d is d-dimensional compact space of charac- 
teristic size (scale) R. In accordance with the direct product structure of the space-time, the 



4D Brane 




Kaluza-Klein Picture 



Brane-world Picture 



Figure 24: Two possible constructions of the Extra dimensions 



E 4+d = M A xK d 
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Figure 25: The simplest localization: the kink solution and its energy density 



metric is usually chosen to be 

ds 2 = G M N(x)dx M dx N = g^{x)dx»dx u + lmn {x,y)dy m dy n . (2.1) 

To interpret the theory as an effective four-dimensional one, the field (fi(x, y) depending on both 
coordinates is expanded in a Fourier series over the compact space 

$(x,y)=Y,<t> (n) (x)Yn(y), (2-2) 

n 

where Y n (y) are orthogonal normalized eigenfunctions of the Laplace operator Ax d on the in- 
ternal space Kd, 

A Kd Y n (y) = j±Y n (y). (2.3) 

The coefficients <p^ n \x) of the Fourier expansion ()2.2|) are called the Kaluza-Klein modes 
and play the role of fields of the effective four-dimensional theory. Their masses are given by 

ml = m 2 + ^ (2.4) 

where R is the radius of the compact dimension. 

The coupling constant of the 4-dimensional theory is related to the coupling constant 
9(4+d) of the initial (4+d)-dimensional one by 

9^ ~ -y-, (2.5) 

Vfd) oc R d being the volume of the space of extra dimensions. 
2.2.1 Low scale gravity 

Consider now the Einstein (4 + d)-dimensional gravity with the action 

S E = [d 4+d x^-—± K^[G MN ], 

J lb7TG iV (4+cZ) 

where the scalar curvature TZ^ 4+d ^ [Gmn] is calculated using the metric Gmn- Performing the 
mode expansion and integrating over Kd one arrives at the four-dimensional action 
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Similar to ea. Q2.5j) . the relation between the 4-dimensional and (4 + ci)-dimensional gravitational 
(Newton) constants is given by 

G N r 4 \ = T—G N u +d \. (2.6) 

V (d) 

One can rewrite this relation in terms of the 4-dimensional Planck mass Mpi = (Gjv(4))~ 1 ^ 2 = 

1.2-10 19 GeV and a fundamental mass scale of the (4+d)-dimensional theory M = (Gjv(4+d)) ^+2 . 
One gets 

M Pl = V {d) M d + 2 . (2.7) 

This formula is often referred to as the reduction formula. 

Thus, the fundamental scale of a multidimensional theory becomes M rather than Mpi. This 
way the problem of hierarchy is reduced to a less severe one in extra dimensions. The scale M 
is not restricted by experimental value of the Newtonian constant and may take values ~ few 
TeV. Assuming M = 1 TeV one can rewrite ea. Q2.7j) as |56j 



1 [Mpi\ 2 / d so 17 



M \ M J 

or 

/ M 



cm, (2i 

2/d 



B_1 ~ M (tf-) ~KT^ +3 GeV. (2.9) 

Let us analyze various cases. In the case d = 1 it follows from eq. Q2.8j) that R ~ 10 13 cm, i.e. 
the size of extra dimensions is of the order of the solar distance. This case is obviously excluded. 
For d > 2 we obtain: 



for 


d = 


2 


R ~ 


0.1 


mm, 


Br 


1 


~ 10" 3 eV 


for 


d = 


3 


R ~ 


10" 


cm, 


Br 


1 


~ 100 eV 


for 


d = 


6 


R ~ 


10" 


1 2 

cm, 


Br 


1 


~ 10 MeV 



Such sizes of extra dimensions are already acceptable because no deviations from the New- 
tonian gravity have been observed for distances r ~ 1 mm so far (see, for example, |60j). On the 
other hand, the SM has been accurately checked already at the scale ~ 100 GeV. To overcome 
this difficulty it is supposed [HE] that the SM fields are localized on the 4d brane while only 
gravitons propagate in the bulk. 

At the same time, these conclusions strongly depend on the choice of the scale M. If one 
takes bigger scale, the corresponding radius decreases very fast (see Fig |26l) . 

The presence of ED leads to the modification of classical gravity. The Newton potential 
between two test masses m\ and m% separated by a distance r, is in this case equal to 

V(r) = G m) mxm 2 £ -e~ m " r = G N(A)mi m 2 ( - + £ -e~^ r / R 

The first term in the last bracket is the contribution of the usual massless graviton (zero mode) 
and the second term is the contribution of the massive gravitons. For the size B large enough 
(i.e. for the spacing between the modes small enough) this sum can be replaced by the integral 
and one gets [5^] 



„, s n m 1 m 2 

V(r) = G N{4) —— 



■CO 

1 + S d -i I e- mr m d - l dm 



l/R 
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R" 1 GeV" 1 




Figure 26: The dependence of the radius of compactification R on the multidimensional funda- 
mental scale M for d = 6 



mim 2 
U N(4)—— 



r 



(2.10) 



where S^-i is the area of the (<i — l)-dimensional sphere of the unit radius. This leads to the 
following behaviour of the potential at short and long distances 



V ~ { G N{A) ^S d _ 1 (Z) d m=G N{A+d) ^S d „ 1 T{d) r«R, (2 ' U) 

Thus, one has a modification of classical gravity at small distances which may have observational 
consequences. 

2.2.2 The ADD model 

The ADD model was proposed by N. Arkani-Hamed, S. Dimopoulos and G. Dvali in Ref. [5SJ- 
The model includes the SM localized on a 3-brane embedded into the (4 + d)-dimensional space- 
time with compact extra dimensions. The gravitational field is the only field which propagates 
in the bulk. 

To analyze the field content of the effective (dimensionally reduced) four-dimensional model, 
consider the field h,MN(x,y) describing the linear deviation of the metric around the (4 + d)- 
dimensional Minkowski background f]MN 

2 

G MN (x,y) = rjMN + M i +d /2 h MN(x,y) (2.12) 

Let us assume, for simplicity, that the space of extra dimensions is the <i-dimensional torus. 
Performing the KK mode expansion 

h M N(x,y) =Y^ h MN( x ) I exp(-i m ), (2.13) 

\/ V (d) 

where Vm) 1S the volume of the space of extra dimensions, we obtain the KK tower of states 
^mn( x ) with masses 



m n = ^ n \ + nl + ... + n 2 d = M ( 2 .14) 
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so that the mass splitting is Am ccl/R. 

The interaction of the KK modes h^ N (x) with fields on the brane is determined by the 
universal minimal coupling of the (4 + d) -dimensional theory 

S in t = J d i+d x^df MN h MN (x,y), 

where the energy-momentum tensor of the matter localized on the brane at y = has the form 

f MN (x,y) = 5^ N T^(x)5^(y). 
Using the reduction formula l|2.7|) and the KK expansion Q2.13JI one obtains that 

S mt = [ d*xT, v J2 , * f— h^{x)=Y J I d*x-±-T^(x)h$(x), (2.15) 
J - M l+d/2jy {d) - J M Pl 



which is the usual interaction of matter with gravity suppressed by Mpi. 

The degrees of freedom of the four-dimensional theory, which emerge from the multidimen- 
sional metric, include |61l I62j 

1. the massless graviton and the massive KK gravitons h^} (spin-2 fields) with masses given 
by eq.(j2Il; 

2. (d — 1) KK towers of spin-1 fields which do not couple to T^ v \ 

3. (d 2 — d — 2)/2 KK towers of real scalar fields (for d > 2), they do not couple to T^ v either; 

4. a KK tower of scalar fields coupled to the trace of the energy-momentum tensor Tff, its 
zero mode is called radion and describes fluctuations of the volume of extra dimensions. 

Alternatively, one can consider the (4 + <i)-dimensional theory with the (4 + <i)-dimensional 
massless graviton hMN(x,y) interacting with the SM fields with couplings ~ l/M l+d / 2 . 

In the 4-dimensional picture the coupling of each individual graviton (both massless and 
massive) to the SM fields is small ~ 1/Mpi. However, the smallness of the coupling constant is 
compensated by the high multiplicity of states with the same mass. Indeed, the number dhf (|n|) 
of modes with the modulus \n\ of the quantum number being in the interval (|n|, \n\ + d\n\) is 
equal to 

c£Af(|«|) = 5d- 1 |n| d - 1 d|n| = S d - X R d m d - l dm ~ S d -i— ^m d-1 dm, (2.16) 

where we used the mass formula m = \n\/R and the reduction formula (|2.7[) . The number of 
KK gravitons with masses m n < E < M is equal to 

M{E) ~ [ R dM{\n\) ~ S^^j'm^dm = ~ R d E d . 

One can see that for E 3> R -1 the multiplicity of states which can be produced is large. Hence, 
despite the fact that due to ea. (|2.15|) the amplitude of emission of the mode n is A ~ 1/Mpi, 
the total combined rate of emission of the KK gravitons with masses m n < E is 

d 



M 2 pi 1 ; M d + 2 

We can see that there is a considerable enhancement of the effective coupling due to the large 
phase space of KK modes or due to the large volume of the space of extra dimensions. Because 
of this enhancement the cross-sections of processes involving the production of KK gravitons 
may turn out to be quite noticeable at future colliders. 
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2.2.3 HEP phenomenology 



There are two types of processes at high energies in which the effect of the KK modes of the 
graviton can be observed at running or planned experiments. These are the graviton emission 
and virtual graviton exchange processes |61j-|65j. 

We start with the graviton emission, i.e., the reactions where the KK gravitons are created as 
final state particles. These particles escape from the detector, so that a characteristic signature 
of such processes is missing energy. Though the rate of production of each individual mode is 
suppressed by the Planck mass, due to the high multiplicity of KK states the magnitude of the 
total rate of production is determined by the TeV scale (see eq. (|2.17jl ). Taking eq. Q2.1fijl into 
account, the relevant differential cross section |HJ is 

d 2 a M 2 Pl d _ x du m 1 



dtdm M d+2 dt M d + 2 ' 

where da m /dt is the differential cross section of the production of a single KK mode with mass 
m. 

At e + e~ colliders the main contribution comes from the e + e~ — > process. The main 

background comes from the process e + e~ — ► vv^f and can be effectively suppressed by using 
polarized beams. Figure l27l shows the total cross section of the graviton production in electron- 
positron collisions [HS]- To the right is the same cross section as a function of M for y/s = 
800 GeV [Ml 




Figure 27: The total cross sections for e + e~ — > ^ViVi (i = e, (jl, t) and e + e~ — * jh (faster 
growing curves) for d = 2 and M = 2.5 TeV |65j (left) and the cross section for e + e~ — ► 
at \/s = 800 GeV as a function of the scale M for A different number 5 of extra dimensions 
(right). Horizontal lines indicate the background. |66| 



Effects due to gravitons can also be observed at hadron colliders. A characteristic process at 
the LHC would be pp — > (jet + missing E). The subprocess that gives the largest contribution 
is the quark-gluon collision qg — > qhS n ' . Other subprocesses are qq — ► gh^ and gg — > gh^ n ' . 

Processes of another type, in which the effects of extra dimensions can be observed, are 
exchanges of virtual KK modes, in particular, the virtual graviton exchanges. Contributions to 
the cross section from these additional channels lead to deviation from the behaviour expected 
in the 4-dimensional model. An example is e + e~ — * ff with h^ n ' being the intermediate state 
(see Figl28jl . Moreover, gravitons can mediate processes absent in the SM at the tree-level, for 
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example, e + e — ► HH, e + e — > 5(7. Detection of such events with large cross sections may serve 
as an indication of the existence of extra dimensions. 




-1 -0.5 0.5 
7. 



Figure 28: The Feynman diagram for the virtual graviton exchange (left) and deviation from 
the expectations of the SM (histogram) for Bhabha scattering at a 500 GeV e + e~ collider for 
the Left-Right polarization asymmetry as a function of z = cos 9 for M = 1.5 TeV and the 
integrated luminosity C = 75 fb _1 (right) |64j . 



The s-channel amplitude of a graviton-mediated scattering process is given by 



. pvpP* 3(d-l) TftTj 

where P^j, is a polarization factor coming from the propagator of the massive graviton and T^ v 
is the energy- momentum tensor |61j . It contains a kinematic factor 




m 2 



f s \ k 1 / A \ 



C -[W) [m) >■ < 2 - 20 ' 

Since the integrals are divergent for d > 2, the cutoff A was introduced. It sets the limit of 
applicability of the effective theory. Because of the cutoff,the amplitude cannot be calculated 
explicitly without the knowledge of a full fundamental theory. Usually, in the literature it is 
assumed that the amplitude is dominated by the lowest-dimensional local operator (see |61j). 

The characteristic feature of expression ()2.20|) different from the 4-dimensional model is the 
increase of the cross section with energy. This is a consequence of the exchange of the infinite 
tower of the KK modes. Note, however, that this result is based on a tree-level amplitude, while 
the radiative corrections in this case are power-like and may well change this behaviour. 

Typical processes, in which the virtual exchange via massive gravitons can be observed, are: 
(a) e + e~ — ► 77; (b) e + e~ — > //, for example the Bhabha scattering e + e~ — ► e + e~ or Moller 
scattering e~e~ — * e~e~; (c) graviton exchange contribution to the Drell-Yang production. A 
signal of the KK graviton mediated processes is the deviation in the number of events and in 
the left-right polarization asymmetry from those predicted by the SM (see Figs. EE} |fi4| . 
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2.3 Brane- World Models 



2.3.1 The Randal- Sundr am model 

The RS model [STj is a model of Einstein gravity in five-dimensional Anti-de Sitter space-time 
with extra dimension being compactified to the orbifold S 1 /Z 2 . There are two 3-branes in the 
model located at the fixed points y = and y = ttR of the orbifold, where R is the radius of 
the circle S . The brane at y = is usually referred to as A Planck brane, whereas the brane 
at y = ttR is called A TeV brane (see Fig |'29(l . The SM fields are constrained to the TeV brane, 
while gravity propagates in the additional dimension. 
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Figure 29: The Randall-Sundrum construction of the extra-dimensional space 



The action of the model is given by 

S = J (fx dy\/-^{ 2M3 ^ (5) [Gmn] +A} 

+ / dtxyf^M (Li - n) + / d 4 x^gW(L 2 -r 2 ), (2.21) 

J B\ J B2 

where is the five-dimensional scalar curvature, M is a mass scale (the five-dimensional 
"Planck mass") and A is the cosmological constant. Lj is a matter Lagrangian and Tj is a 
constant vacuum energy on brane j (j = 1,2). 

The RS solution describes the space-time with non factorizable geometry with the metric 
given by 

ds 2 = e'^ri^dxV + dy 2 . (2.22) 

The additional coordinate changes inside the interval —ttR < y < ttR and the function cr(y) in 
the warp factor exp(— 2a) is equal to 

a(y) = k\y\, (k > 0). (2.23) 

For the solution to exist the parameters must be fine-tuned to satisfy the relations 

n = -r 2 = 2AM 3 k, A = 24M 3 k 2 . 

Here k is a dimensional parameter which was introduced for convenience. This fine-tuning is 
equivalent to the usual cosmological constant problem. If k > 0, then the tension on brane 1 is 
positive, whereas the tension t 2 on brane 2 is negative. 
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For a certain choice of the gauge the most general perturbed metric is given by 



ds 2 = e~ 2k \y\ 



Vtiv + h ^{x,y)) dx^dx u + (1 + <p{x))dy 2 



and describes the graviton field h fiu (x,y) and the radion field (j)(x) [67] . 

As a next step the field h fiu (x,y) is decomposed over an appropriate system of orthogonal 
and normalized functions: 

,Xn(y) 



n=0 



The particles localized on the branes are: 
Brane 1 (Planck): 



massless graviton h^} (x 



massive KK gravitons hffi (x) with 
masses m n = p n ke~ 7rkR , where 
Pn = 3.83,7.02,10.17,13.32,... are 
the roots of the Bessel function, 



R 



(2.24) 



Brane 2 (TeV): 



massless graviton h$(x), 

massive KK gravitons h$(x) with 
masses m n = f3 n k, 



massless radion 6(x). 



massless radion <b(x) 



The brane 2 is most interesting from the point of view of high energy physics phenomenology. 
Because of the nontrivial warp factor e -M*R) : the Planck mass here is related to the fundamental 
5-dimensional scale M by 

Mpi = e 2k7rR dye- 2k ^ = ^ f e 2k * R - l) . (2.25) 

This way one obtains the solution of the hierarchy problem. The large value of the 4-dimensional 
Planck mass is explained by an exponential wrap factor of geometrical origin, while the scale M 
stays small. 

The general form of the interaction of the fields, emerging from the five-dimensional metric, 
with the matter localized on the branes is given by the expression: 

2j J 3/2 J b dA x h pv (x, °) T !n) + 2^3/2 J B d ^ x °) T f } ^/-det7^(7ri2) 

Decomposing the field h^ u (x,y) according to (|2.24|) the interaction Lagrangian can be written 

as 

I / ^ [ 1 h (0) {z)T m^ _ y ^ h (n) T (2)^ _ _J_ T (2)m] (2.26) 

2j B2 [M Pl ^ y ! A,^3 M J K ' 



where A„- = M P ie~ klvR « y/M :i /k and M Pi is given by eq. (|2~25|) . 

The massless graviton, as in the standard gravity, interacts with matter with the coupling 
Mp, . The interaction of the massive gravitons and radion are considerably stronger: their 
couplings are oc A -1 ~ 1 TeV -1 . If a few first massive KK gravitons have masses M n ~ ITeV, 
then this leads to new effects which in principle can be seen at future colliders. To have this 
situation, the fundamental mass scale M and the parameter k are taken to be M ~ k ~ ITeV. 
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2.3.2 HEP phenomenology 



With the mass of the first KK mode Mi ~ 1 TeV direct searches for the first KK graviton 

in the resonance production at future colliders become quite possible. Signals of the graviton 

detection can be [HE] 

• an excess in the Drell-Yan processes qq — > — > l + l~ , 

gg -► fcM -► l+r 

• an excess in the dijet channel QQ,99 h^ 1 ' — * qq,gg. 

The plots of the exclusion regions for the Tevatron and LHC [HE] are presented in Fig. 1301 They 




m, (GeV) m! (TeV) 



Figure 30: Exclusion region for resonance production of the first KK graviton excitation in 
the Drell-Yan (corresponding to the diagonal lines) and dijet (represented by the bumpy curves) 
channels at the Tevatron (left). The solid curves represent the results for Run I, while the dashed 
and dotted curves correspond to Run II with 2, 30 fb _1 of integrated luminosity, respectively. 
The same for the LHC (right). The dashed, solid curves correspond to 10, 100 fb _1 of integrated 
luminosity, respectively. 

show the exclusion region for resonance production of the first KK graviton excitation in the 
Drell-Yan and dijet channels. The excluded region lies above and to the left of the curves. 

The next plots present the behaviour of the cross-section of the Drell-Yan process as a 
function of the invariant mass of the final leptons. It is shown for two values of M\ for the 
cases of the Tevatron and the LHC in Fig. 1311 One can see the characteristic peaks in the cross 
section for one or a series of massive graviton modes. 

The possibility to detect the resonance production of the first massive graviton in the proton 
- proton collisions pp — * —> e + e~ at the LHC depends on the cross section. The main 
background processes are pp — > Z/j* — > e + e~. The estimated cross section of the process 
_ > e + e - as a function of M\ in the RS model is shown in Fig. [33 69 . One can see that the 
detection might be possible if M\ < 2080 GeV . 

To be able to conclude that the observed resonance is a graviton and not, for example, a 
spin-1 Z' resonance or a similar particle, it is necessary to check that it is produced by a spin-2 
intermediate state. The spin of the intermediate state can be determined from the analysis of 
the angular distribution function f{6) of the process, where is the angle between the initial 
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Figure 31: Drell-Yan production of the KK graviton with M\ = 700 GeV at the Tevatron (left) 
and for the LHC (right) for M\ = 1500 GeV and its subsequent tower states [SH] . 




Figure 32: The cross-section times branching ratio, a-B, for — > e+e~ in the RS model and the 
smallest detectable cross-section times the branching ratio, (a-B) mtn [HHl (left) and the summary 
of experimental and theoretical constraints on the parameters Mi and n = (k/Mpi)e knR (right) 
|68j . The allowed region lies as indicated. The LHC sensitivity to graviton resonances in the 
Drell-Yan channel is represented by diagonal dashed and solid curves, corresponding to 10 and 
100 fb _1 of integrated luminosity, respectively 



and final beams. This function is 



Spin 


=> 


/(*) = 


i, 


Spin 1 


=> 


/(*) = 


i + cos 2 e, 


Spin 2 




f qq- 


+ /i« -» e+e 


=> 


[99- 


-> _» e+e 



f(9) = l-3cos 2 # + 4cos 4 #, 
f{6) = l-cos 4 6>. 

The analysis, carried out in Ref. [SHj, shows that angular distributions allow one to determine 
the spin of the intermediate state with 90% C.L. for M\ < 1720 GeV. 
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As a next step it would be important to check the universality of the coupling of the first mas- 
sive graviton by studying various processes, e.g. pp — > fcW jets, vy,W + W-,HH, 
etc. If it is kinematically feasible to produce higher KK modes, measuring the spacings of the 
spectrum will be another strong indication in favour of the RS model. 

The conclusion is jHS] that with the integrated luminosity C = 100 fb _1 the LHC will be 
able to cover the natural region of parameters (Mi, 77 = (k/Mpi)e k7rR ) and, therefore, discover 
or exclude the RS model. This is illustrated in the r.h.s. of Fig. 1321 

2.4 Conclusion 

We finish with a short summary of the main features of the ADD and RS models. 
ADD Model . 

1. The ADD model removes the Mew/Mpi hierarchy, but replaces it by the hierarchy 



For d = 2 this relation gives R 1 /M ~ 10 15 . This hierarchy is of different type and might 
be easier to understand or explain, perhaps with no need for SUSY; 

2. The model predicts the modification of the Newton law at short distances which may be 
checked in precision experiments; 

3. For M small enough high-energy physics effects, predicted by the model, can be discovered 
at future collider experiments. 



1. The model solves the Mew /Mpi hierarchy problem without generating a new hierarchy. 

2. A large part of the allowed range of parameters of the RS model will be studied in fu- 
ture collider experiments which will either discover new phenomena or exclude the most 
"natural" region of its parameter space. 

3. With a mechanism of radion stabilization added the model is quite viable. In this case, 
cosmological scenarios, based on the RS model, are consistent without additional fine- 
tuning of parameters (except the cosmological constant problem) [231 • 
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